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HIGHLIGHTS

e Nuclear reactions were used to produce light, energetic, and low-flux ions as a secondary beam.
e The laboratory setup facilitated secondary reaction products and their interaction with the sample.
e The exothermic nuclear reactions yielded approximately 10 secondary HT and He™ particles.

e These particles are with energies in the range of 4 to 18.5 MeV.

ABSTRACT

The production of light, energetic and low-flux ions as a secondary beam caused by
nuclear reaction can be used in various branches of nuclear physics. Due to the limited
availability of energy in small laboratories equipped with electrostatic accelerators,
accessing energetic light particles is crucial. For this purpose, selected nuclear reactions
were introduced. In this research, primary proton, deuterium and helium-3 beams with
energy less than 2 MeV were used for samples with a thickness of 10'° atom.cm™2 and
the yield of reactions was obtained. The laboratory setup was designed in such a way that
in addition to the access to the nuclear reaction products with a suitable yield, favorable
conditions were provided for the extraction and transfer of the reaction products as well
as their interaction with the sample. In these exothermic nuclear reactions, the yield is
in the order of 10° particles and secondary proton and alpha particles with energies of 4
to 18.5 MeV have been obtained. Also, the selected reactions are in accordance with the
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1 Introduction

Electrostatic accelerators, are cost-effective and find wide
application in both fundamental and applied physics.
These ion accelerator systems, designed to generate stable
MeV ion beams with a few pyA current and energy reso-
lution in the range of a few hundred electron volts, serve
various purposes. They are crucial for nuclear methods,
enabling research on material properties, environmental
monitoring, biomedical investigations, and the study of
cultural heritage artifacts, among other uses. Moreover,
these accelerators are used for irradiation, deep implan-
tation, lithography (Durante et al., 2019; Bhandari and
Dey, 2011).

By the way, for irradiating semiconductor materials,
biological samples, semiconductor chips, and ion imaging,
low-intensity proton and alpha ion beams are employed
(Granja et al., 2022). The production of these beams holds
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significant importance. A facility that provides ion beams
with a sufficient range to irradiate the mentioned samples
is crucial. In these applications, single ion or ions with
a fractional intensity of fA are irradiated to the sample.
For a qubit, this radiation modifies the electronic struc-
ture of the semiconductor (Jamieson et al., 2002; McCal-
lum et al., 2012). Also, this ion radiation can be used
to study semiconductor samples. The collision of the ion
beam with the semiconductor or insulator sample causes
a current to be induced in it, and the measurement of
the generated current yield allows for studying the perfor-
mance of such samples. The light and energetic ion beam
with a low flux, is used in the analysis by the ion beam
induced charge (IBIC) method (Vittone et al., 2016; Lehn-
ert et al., 2017). Most of the required high-energy beams
for the mentioned cases are not available in small-scale
laboratories equipped with electrostatic accelerators since
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with the increase of beam energy, drastically not only the
size and price of these accelerators and ancillary systems
significantly increase, but also the radiation safety policy
reduces the access to these accelerators. On the other
hand, in the ion beam analysis methods, using nuclear re-
actions with high Q-value to analyze light elements in the
sample is a well-known issue (Wang and Nastasi, 2010). In
fact, light element measurements in the sample can be en-
hanced by nuclear reaction products with energies higher
than the Rutherford scattering edge, which have a lower
limit of detection.

In nuclear physics, the use of reaction products as a
secondary beam has a long history. The radioactive ion
beam, which plays a prominent role in the recognition of
nuclei far from the stability line, is generated through nu-
clear spallation or nuclear reaction. In one method, the
fragments resulting from the interaction of high-energy
heavy ions with the target are produced with the help
of a separator. In another method, the reaction products
resulting from the collision of the high-energy ion from
the accelerator with the target lead to the production of
radioactive nuclei; by directing these radioactive nuclei
and re-accelerating them, a radioactive ion beam is ob-
tained. The ongoing development of the Radioactive Ion
Beam (RIB) facility has extended the nuclides chart to-
wards proton-rich, neutron-rich nuclei, and the drop lines
towards heavier elements. After the initial utilization of
radioactive beams at Bevalac, numerous facilities have
been created to provide radioactive nuclear beams with
an energy range of MeV to GeV. The RIB facilities at
GANIL (France), GSI and FAIR (Germany), MSU (USA)
and RIKEN (Japan) provide a wide range of radioactive
beams and various measurements (Tanihata, 1995).

In addition to the technological advances of secondary
ion beam extraction with specific mass and energy in ma-
jor accelerator facilities, however, secondary ions have a
vital rule in small-scale accelerator laboratories. For ex-
ample, secondary ions can be used in MeV-SIMS (Janssens
and Van Grieken, 2004). Moreover, to improve the sensi-
tivity of ion beam analysis, experimental methods based
on secondary probe such as PIXRF and K-edge contrast
imaging of elements can be used (Farajipour Ghahroudi
et al., 2019; Lamehi-Rachti et al., 2001). With the pro-
duction of high-energy ion beam resulting from the inter-
action of neutrons with matter, access to high-energy ion
projectiles has been reported (Mukhammedov et al., 2006,
2012).

In nuclear reactions documents, the ion collisions based
on momentum conservation is classified into normal and
inverse kinematics in which the incident beam is lighter
or heavier than the target atom respectively. In nuclear
physics, hydrogen and helium beams are considered as
light ions and other ion beams are usually considered as
heavy ions. In the center of mass frame (Fig. 1), when
heavy projectiles collide with the light target materials,
the heavy recoiled nuclei scatter at a smaller angle (com-
pared to a light projectile to a heavy target) and simplify
the collection and purification (Yamaguchi et al., 2020).

These secondary ions have similar (but slightly lower)
energy to the primary beam, so no re-acceleration is re-
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quired. The energy of the secondary beam is adjusted
by selecting the primary beam energy and target thick-
ness (Yamaguchi et al., 2020). Indeed, the energy of the
primary ion beam can be adjusted using the accelerator
terminal voltage. Furthermore, as the ion beam traverses
the target, it loses energy. Energy in the center of mass
frame is defined as follows (Was et al., 2007):

ma
Ec m — ( )Ea 1
. ey EAL (1)
Ec.m + Eframe = Elab (2)

where E. ., is the energy in the center of mass frame, .,
is the energy in the laboratory frame, Ef.ame is the energy
of the center of mass relative to laboratory frame and m;
and my are the masses of incident and target particles,
respectively.

Secondary ions can be used as incident beam in other
reactions. These secondary ions can have energy multiple
times higher than the primary energy, while their flux will
be much lower and will be a useful tool in cases where low
flux ion is required due to the test conditions.

Due to the low intensity of current needed for study-
ing semiconductor materials, there has been a search for
suitable conditions to conduct research in this field. This
particular study proposes the use of interactions resulting
from light projectiles in a small electrostatic accelerator
to generate high-energy secondary ions with low flux.
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Figure 1: Typical representation of the collision in the center
of mass frame.

2 Materials and Methods

In this research, a KN3000 ion accelerator of VDG lab
of the Nuclear Science and Technology Research Institute
has been used. In this accelerator, proton, deuteron and
helium beams up to 3 MeV energy are available. Due to
issues related to radiation safety, the maximum deuteron
energy is limited. In addition, like other laboratories, ac-
cess to He-3 gas is limited due to its high price. The
experimental setup was obtained based on 100 keV en-
ergy loss, with the sample thickness in the order of 10'°
atom.cm ™2, the current pA (~ 6 x 102 particles) and the
solid angle 4.13 sr. Figure 2 is a general overview of the
desired layout to obtain yield in this research. The verti-
cal distance between the target and the charged-particle
detector is 1 mm, the diameter of the beam is 0.2 mm, and
the detector diameter including 0.2 mm hole diameter of



Z.5. Imani et al.

Radiation Physics and Engineering 2024; 5(3):1-5

Table 1: Selected nuclear reactions resulting from light particles of protons, deuterons and helium (https://www.nndc.bnl.gov/
qcalc/). The reaction yields reported in the last column of the table are associated with 70°.

Nuclear Reaction @ (MeV) Ei, (MeV)  Eou (MeV) (biab : 70,50, 20) Yield
1 "Li(p,o)"He 17.35 1.5 10.065, 10.627, 11.183 1.27 x 10°
2 1B(p,a)®*Be 8.58 1.5 7.038, 7.354, 7.667 0.14 x 10°
3 5N (p,a)'2C 4.965 1.2 5.132, 4.962, 4.786 0.05 x 10°
4 YF(p,a)*®0 8.11 2.8 8.98, 9.275, 9.567 0.58 x 10°
5 MN(d,p)*°N 8.61 1.7 9.722, 9.936, 10.146 0.19 x 10°
6 HMN(d,)'2C 13.58 1.7 11.884, 12.35, 12.81 1.14 x 108
7 D(®*He,a)P 18.35 1.5 5.64, 6.634, 7.16 9.52 x 10°
8  150(3He,a)*®0O 4.9 2.42 5.995, 6.393, 6.785 0.26 x 10°
9 D(*He,p)*He 18.35 1.5 16.47, 17.46, 18.455 7.59 x 10°

the detector is 5.6 mm. With considered geometry, the
angle 6 is approximately obtained 70°.

A thin target composed of pure Li was prepared for
this study. Initially, a thin substrate of Au with a thick-
ness of 510 nm was prepared using physical vapor deposi-
tion (PVD) technique and maintained in a self-supporting
manner. Subsequently, a thin layer of Li with a thickness
of 430 nm was deposited onto this self-support substrate
using PVD technique. Due to the rapid absorption of en-
vironmental moisture by the Li layer, the prepared sample
was immediately transferred to the reaction chamber.

Target
Detector
2.8 mm
Beam 0.1 mm I -
Figure 2: General overview of arrangement and considered
distances.

3 Results and Discussion

Considering the energy limit up to 3 MeV of the KIN3000
accelerator available in the VDG Laboratory in Tehran
and in order to expand the capability to access higher
energetic ion beam for using in researches on the ion in-
teraction with matter and materials analysis, this research
performed by proton, deuteron and helium-3 projectile to
access the secondary ions.

Then, among the nuclear reactions with significant Q-
value, nuclear reactions are chosen in such a way that,
while creating a suitable reaction yield, they do not lead
to neutron production in the laboratory (or in some cases
with a very low probability) and comply with radiation
protection requirements. Experimental setup of interac-
tion was chosen in such a way that the yield of interaction

is significant. The energy of the interaction products was
calculated at different angles.

The yield of a reaction determines the number of in-
teraction product atoms (Mukhammedov et al., 2008). To
obtain yield (A), Eq. (3) can be used, where N; is the
number of incident particles, ) is the solid angle, NV; is
the number of target atoms per unit area, o(FE,) is the
cross-section, and @ is the incident angle (Nastasi et al.,
2014):

NzQU(Fa)Nt 3)
cosf

The p+"**Li measured spectra fitted using SIMNRA
(Mayer, 1997) are shown in Fig. 3. The 1700 keV pro-
ton beam collides with a 400 nm thick "3'Li target on a
500 nm thick Au substrate perpendicularly, at the scatter-
ing angle of 165°. The products of this interaction have
been measured using a 300 pm silicon surface barrier de-
tector. The two interaction products of °Li(p,a)*He and
"Li(p,a)a are indicated in the spectrum.

The high-energy alpha peak at 8 to 9 MeV is an ev-
idence of a high-energy ion with low-yield that can be
exploited to development of low-energy ion accelerator ap-
plications. A number of selected interactions are shown in
Table 1.

In this table, the Q-value of reactions, the energy of re-
action products at three angles of 20°, 50° and 70°, as well
as the reaction yield were obtained for the target thickness
in the order of 10'° atom.cm™2 in 1 A beam-current and
solid angle 4.13 sr. The obtained yields are related to the
experimental cross sections with the closest angle to 70°.
According to the number of incident particles which are
in order of 102, the number of secondary particles (flux)
obtained is in order of 10°. The reaction yields reported
in the last column of the table are associated with 70°.

Among the introduced reactions to access the
high-energy proton and alpha beams, the reactions
D(®He,p)*He, D(®*He,a)p, *N(d,p)'®N and "Li(p,a)*He
have appropriate yield.

Access to light energetic particles with acceptable
yields can lead to the development of using electrostatic
ion accelerators for ion beam applications such as IBIC
analysis and high energy ion implantation. One of the
most important features of this method is not needing ex-
pensive accelerators for energetic ion beam applications
with low flux. Although, the low flux resulting in these
reactions fulfills need of high-energy beams with low flux,

A:
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Figure 3: p+Li interaction products resulting from E, = 1700 keV beam on Li/Au target at 1., = 120.

it may also present a limitation for utilizing these particles
in high flux applications.

When the projectile collides to target in a nuclear reac-
tion, reaction products of different atomic number, mass,
and energy will be produced. With the help of stopping
foil or magnetic/electrical analyzers, each of the reaction
products can be separated (Salimi et al., 2021; Maslov
et al., 2016). However, some points should be taken into
account for production of high-quality secondary beam.
The apparent thickness of target can cause the energy of
the secondary particle to be dependent on the angle. In
addition, the heterogeneity of the target is effective in the
uniformity of the flux and energy of the secondary beam
(Chu, 2012). To enhance production flux, employing an
electromagnetic lens is a suitable approach.

Although the use of nuclear reaction products can eas-
ily expand the ion beam application, few research has been
done in this field so far. The achievements of this research
contribute to the development of ion beam applications.
In this research, it has been shown that by nuclear re-
actions induced from a low-energy electrostatic accelera-
tor and considering radiation safety protocols and without
creating bulky physical shields, it is possible to access to
energetic proton and alpha ion beams with low flux for
research applications. The design of the laboratory ar-
rangement is such that it can be easily implemented in
the ion beam laboratory.

4  Conclusions

In this research, a proper source setup of light energetic
ion beams with low flux in irradiating materials, biolog-
ical samples and semiconductors was developed and de-
signed for the laboratory equipped with low-energy elec-
trostatic ion accelerators. For this purpose, the products
of exothermic nuclear reactions have been used, which
provide access to the required beam with low cost and
simpler equipment while considering radiation safety pro-
tocols. Favorable nuclear reactions for proton and alpha
production with energy higher than 3 MeV were selected
and their reaction yields were determined. Reactions with

significant yield and high secondary particle energy were
proposed for ion beam applications. By using the forward
geometry, a proper setup was obtained for the production
of the secondary beam. Reducing the distance between the
secondary beam source and the target, the optimal yield
is provided without the need for electromagnetic lenses.
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